Historically, the ubiquitin-proteasome system (UPS) and autophagy pathways were believed to be independent; however, recent data indicate that these pathways engage in crosstalk. To date, the players mediating this crosstalk have been elusive. Here, we show experimentally that EI24 (EI24, autophagy associated transmembrane protein), a key component of basal macroautophagy/autophagy, degrades 14 physiologically important E3 ligases with a RING (really interesting new gene) domain, whereas 5 other ligases were not degraded. Based on the degradation results, we built a statistical model that predicts the RING E3 ligases targeted by EI24 using partial least squares discriminant analysis. Of 381 RING E3 ligases examined computationally, our model predicted 161 EI24 targets. Those targets are primarily involved in transcription, proteolysis, cellular bioenergetics, and apoptosis and regulated by TP53 and MTOR signaling. Collectively, our work demonstrates that EI24 is an essential player in UPS-autophagy crosstalk via degradation of RING E3 ligases. These results indicate a paradigm shift regarding the fate of E3 ligases.
Introduction
The UPS and autophagy are 2 major protein degradation mechanisms, and they regulate nearly all aspects of cellular physiology. 1 The proteasome system specifically recognizes ubiquitinated proteins. By contrast, engulfment of cytosolic contents by a phagophore (the precursor to the autophagosome) was considered to be nonselective. 2 However, selective autophagy receptors, such as SQSTM1/p62 (sequestosome 1) and NBR1 (NBR1, autophagy cargo receptor), have recently been identified. 3, 4 These receptors specifically bind ubiquitin via the ubiquitin-associated domain (UBA) and deliver these ubiquitinated proteins to the phagophore through an interaction between MAP1LC3A/B (microtubule-associated protein 1, light chain 3 a/b; described as LC3 in the text hereafter) and the LC3-interacting region (LIR) motif. This discovery has fundamentally altered the perception that autophagy is a random cytosolic event and has established shared degradation mechanisms with the UPS. 3, 4 Furthermore, a recent report demonstrates autophagic degradation of the 26S proteasome in Arabidopsis, which supports the hypothesis that there is crosstalk between autophagy and the UPS. 5 However, concrete evidence connecting the UPS with autophagy and the molecular players mediating their crosstalk in mammalian system is lacking.
EI24 (EI24, autophagy-associated transmembrane protein) is a target gene of TP53/p53 with tumor suppressor activity that plays an important role in the negative regulation of cell growth. 6 We have reported that EI24 suppresses the epithelial-to-mesenchymal transition (EMT) and tumor progression by suppressing RELA/ NFKB p65 (RELA proto-oncogene, NF-kB subunit) activity, which induces autophagy-dependent degradation of RING (really interesting new gene) E3 ligases, including TRAF2 (TNF receptor associated factor 2) and TRAF5. 7 We have also reported that EI24-induced degradation of a RING E3 ligase, TRIM41/RINCK1 (tripartite motif containing 41) , results in PRKCA/PKCa (protein kinase C a) stabilization, and this signaling is important for the development of DMBA-TPA (7,12-dimethylbenz [a]-anthracene-12-O-tetradecanoylphorbol-13-acetate)-induced skin carcinogenesis in mice. 8 Based on these studies illustrating EI24-mediated degradation of RING domain E3 ligases and recent reports describing EI24 as an essential autophagy gene in C. elegans 9 and mice, 10 we hypothesized that EI24 might degrade RING E3 ligases using the autophagy machinery, thus establishing a connection between autophagy and the UPS. This proposed autophagy-UPS crosstalk may be responsible for orchestrating diverse cellular processes.
Results

EI24 degrades TRIM41 by autophagy independent of the proteasome system
The involvement of EI24 in autophagy has first been identified while screening genes required for autophagy in C. elegans, 9 and a follow-up study reports this gene as an essential component of basal autophagy in mammals. 10 However, the functional role of EI24-induced autophagy remains to be elucidated.
We used appearance of punctate LC3-II, a reliable marker 11 for monitoring EI24-mediated autophagy activation. Consistent with previous reports, 9,10 ectopic expression of EI24 resulted in the formation of punctate LC3-II (Fig. 1A) . Furthermore, EI24 transfection in 293T cells resulted in increased LC3-II formation along with SQSTM1 degradation (Fig. 1B) . Autophagy activation, induced by nutrient depletion using HBSS (Hank's balanced salt solution), was dysfunctional when EI24 expression was knocked down by an EI24-specific siRNA (Fig. 1C) . Collectively, these data demonstrate that EI24 activates autophagy and is required for the proper execution of autophagic flux.
We have previously reported that EI24 binds and degrades TRIM41, resulting in PRKCA stabilization. 8 However, we were unable to determine the detailed mechanism of TRIM41 degradation by EI24 at that time. Because TRIM41 self-ubiquitinates and undergoes proteasome-dependent degradation, 12 we first examined whether EI24-mediated degradation of TRIM41 occurs via the UPS. EI24 overexpression reduced TRIM41-Flag level; however, the ubiquitinated TRIM41 signal also decreased ( Fig. 2A) . Furthermore, TRIM41 ubiquitination was not rescued when cells were treated with the proteasome inhibitor MG132, suggesting proteasome-independent degradation ( Fig. 2A) . Because the autophagy pathway is the alternate protein degradation machinery 13 and EI24 is essential for basal autophagy, 10 we examined the potential role of EI24 in autophagy-dependent TRIM41 degradation. EI24 overexpression induced TRIM41 degradation (Fig. 2B , lane 1 and 2), and TRIM41 ubiquitination and protein level were rescued when autophagy was inhibited using bafilomycin A 1 (BAF) (Fig. 2B,   lane 3, 4) . Therefore, EI24 degrades TRIM41 through autophagy, independent of the UPS.
The RING domain is essential for TRIM41 binding and degradation by EI24
To dissect the molecular mechanism of autophagy-dependent TRIM41 degradation by EI24, we investigated which domain in TRIM41 binds EI24. For this purpose, we generated Flagtagged TRIM41 deletion constructs (Fig. 3A) . Immunoprecipitation assays revealed that the B-box, coiled-coil 1 (CC1), CC2, and PTPN13-like protein, Y-linked (PRY) domains were dispensable, whereas the RING domain was required for EI24 binding (Fig. 3B) . To functionally validate that the RING domain binds EI24, we examined whether TRIM41 with a deleted RING domain (TRIM41 RINGD ) is resistant to EI24-induced degradation. Consistent with our domain-mapping data, EI24 did not degrade TRIM41 RINGD (Fig. 3C ). To determine the role of endogenous EI24 in TRIM41 degradation, Flag-tagged TRIM41 and TRIM41 RINGD were expressed in cells transfected with either control or EI24-specific siRNA, and protein level changes were determined by immunoblotting. Reduced EI24 expression increased the protein levels of TRIM41 but not TRIM41 RINGD (Fig. 3D) . Collectively, these results indicate that EI24 may recognize the RING domain, which is a common domain in E3 ubiquitin ligases, and degrade them using the autophagy pathway.
EI24 degrades RING domain-containing E3 ligases
Previously, we have reported that EI24 degrades TRAF2/5 in a RING domain-dependent manner. 7 Here, we observed that TRIM41, another E3 ligase, was also degraded by EI24 in a RING domain-dependent manner via the autophagy pathway. Because the RING domain is functional in most E3 ligases, we hypothesized that EI24-induced autophagy may regulate the E3 ligase protein levels. If this hypothesis held true, it would represent a paradigm shift regarding E3 ligase regulation. Currently, E3 ligase regulation is thought to be governed predominantly by self-ubiquitination and degradation by the proteasome and recycling.
14 To test this hypothesis, we examined EI24-induced degradation of several E3 ligases in the TRIM (tripartite motif) family, including MID2/TRIM1, TRIM3, TRIM4, TRIM6, and TRIM21. Immunoblotting revealed that all 5 of the TRIMs tested were degraded by EI24 (Fig. 4A) . To ensure that the autophagy pathway degraded the target proteins, we examined MID2 degradation by EI24, both with and without BAF, an autophagosome-lysosome fusion inhibitor. EI24-mediated degradation of MID2 was rescued in the presence of BAF, suggesting autophagic degradation (Fig. 4B ). FBXO7 (F-Box protein 7) and STUB1/CHIP (STIP1 homology and U-box containing protein 1), which lack RING domains and belong to the F-box and U-box family of E3 ligases, respectively, were EI24-degradation resistant (Fig. 4C) . These results indicate that the RING domain is required for degradation of target proteins by EI24.
To clearly establish if all RING domain-containing proteins can be degraded by EI24, we examined more TRIM proteins for their susceptibility to EI24-mediated degradation. Interestingly, immunoblotting revealed that TRIM2 and TRIM28 were degraded by EI24, whereas TRIM5 delta (TRIM5d), TRIM8, and TRIM20 protein levels were unchanged (Fig. 4D) .
A previous study demonstrated that EI24 binds to the RING domain of TRAF2/5 and degrades them via the autophagy pathway. Therefore, we expanded our screen to determine whether other RING E3 ligases can be degraded by EI24. Immunoblotting revealed that EI24 overexpression induced the degradation of physiologically important E3 ligases, including TRAF6, BIRC2/CIAP1 (baculoviral IAP repeat containing 2), and MDM2 (MDM2 proto-oncogene), whereas PARK2 (parkin RBR E3 ubiquitin protein ligase), XIAP (X-linked inhibitor of apoptosis), and BIRC3/CIAP2 (baculoviral IAP repeat containing 3) were not degraded (Fig. 4E) . These results indicate that the presence of a RING domain is not the only requirement for susceptibility to EI24-mediated degradation.
The RING domain is required for EI24-mediated degradation of E3 ligases TRIM41 lacking the RING domain is resistant to EI24-mediated degradation (Fig. 3C) , which suggests that the RING domain is important for orchestrating the connection between the UPS and autophagy pathways. Given that the RING domain is important for EI24-mediated degradation of E3 ligases, we generated constructs of several E3 ligases that lacked a RING domain and examined if they were resistant to EI24-induced degradation. Full-length TRAF2 and MKRN1 (makorin ring finger protein 1) were degraded by EI24, whereas TRAF2 RINGD ( Fig. 5A ) and MKRN1 RINGD (Fig. 5B) were not. In addition, EI24-induced MRKN1 degradation was rescued with BAF treatment, suggesting that EI24 mediates autophagic MKRN1 degradation (Fig. 5B) . These data underscore the fact that the RING domain is essential for recognition and autophagic degradation of EI24-degraded proteins. Thus far, our study has unraveled, for the first time, that the crosstalk between the UPS and autophagy is based on the ability of the basal autophagy protein EI24 to bind and degrade E3 ligases with RING domains.
Functional characterization of EI24-induced, autophagic E3 ligase degradation
The data thus far indicated that something other than the presence of a RING domain may define whether an E3 ligase is targeted by EI24 for autophagy-mediated degradation. To Figure 2 . EI24 degrades TRIM41 using autophagy. (A) TRIM41 is degraded by EI24, independent of the proteasome. 293T cells were transfected with TRIM41-Flag and 3HA-ubiquitin B (UBB), with or without EI24-GFP overexpression, and TRIM41 ubiquitination was observed. MG132 (10 mM, 6 h) was used as a proteasome inhibitor. (B) EI24 degrades TRIM41 in an autophagy-dependent manner. TRIM41 ubiquitination, with or without EI24 overexpression, was examined, and autophagy was inhibited using BAF (10 mM, 6 h).
investigate this, we compared the RING domain sequences of the 14 E3 ligases degraded by EI24 (Group 1) with those of the 5 E3 ligases that were not degraded (Group 2). However, the multiple sequence alignment showed no apparent sequence motif related to EI24-mediated degradation susceptibility, because Groups 1 and 2 RING domain sequences have a high degree of similarity (e.g. BIRC2 in Group 1 and BIRC3 in Group 2; Fig. S1A and B) .
Another possibility is that the subcellular localization of protein targets could potentially indicate the target's susceptibility for EI24-mediated autophagic degradation. Thus, we compared subcellular localizations of E3 ligases in Groups 1 and 2 based on their GOCCs (gene ontology cellular components). The comparison showed no significant difference in the localization distribution between Groups 1 and 2 (Fig. S1C) . Next, we considered if EI24 target proteins have common binding partners with EI24. We analyzed common EI24 binding partners that were also capable of binding E3 ligases in Group 1 and compared them with those in Group 2. To this end, we combined the EI24 interactors in interactome databases [15] [16] [17] [18] [19] with experimentally verified EI24 binding partners 20 to compile a list of EI24 interactors. The interactome analysis comparing Groups 1 and 2 revealed no EI24 interactors that preferentially bound targets in Group 1 compared with those in Group 2 (Fig. S1D) .
Gene expression differences between Group 1 and 2 E3 ligases could also potentially contribute to EI24-mediated autophagic degradation susceptibility. To investigate this hypothesis, we examined whether gene expression data can separate Groups 1 and 2 by applying principal component analysis (PCA) to EI24-related gene expression data previously reported and then found that the combined use of the following 2 gene expression datasets can provide effective separation of Groups 1 and 2: 1) GSE52508 in the GEO (gene expression omnibus) database collected from ZR-75-1 breast cancer cells after EI24 knockdown 7 and 2) GSE67266 in the GEO database collected from MEF cells after treatment with etoposide, which induces EI24 expression 21 ( Fig. S2A , B, and C). The use of single data sets showed no separation between Groups 1 and 2 in the PCA space ( Fig. S2A and B ), but the use of both datasets showed a certain degree of the separation (Fig. S2C ). For more effective separation captured by PCA with the 2 data sets, we applied MPLS-DA (multi-block partial least square-discriminant analysis) that can effectively integrate the 2 datasets for classification of Groups 1 and 2 as previously described. 22, 23 MPLS-DA successfully separated Group 1 from Group 2 ( Fig. S2D and E). Using this MPLS-DA model, we then predicted those E3 ligases likely to be susceptible to EI24 MID2,  TRIM2, mouse TRIM3, TRIM4, TRIM5, TRIM6, TRIM8, TRIM20, TRIM21 , and mouse TRIM26 were tested. (B) EI24 degrades MID2 using autophagy. EI24-mediated degradation of MID2 could be rescued by treatment with BAF (10 nM, 6 h). (C) Protein levels of FBXO7 and STUB1 lacking RING domains were examined for their susceptibility to EI24-mediated degradation. (E) The susceptibility of the RING domain-containing E3 ligases TRAF6, PARK2, XIAP, BIRC2, BIRC3, and MDM2 to EI24-mediated degradation. Figure 5 . The RING domain is required for EI24-mediated degradation of E3 ligases. Degradation of full-length and RING domain-deficient TRAF2 (A) and MKRN1 (B) by EI24 was examined using immunoblotting. The lack of RING domain confers resistance to EI24-mediated degradation. EI24-induced degradation of MKRN1 was rescued by BAF treatment (10 mM, 6 h).
degradation. Previous studies identified 689 potential E3 ligases, 24, 25 381 of which possess RING domains. Those 381 E3 ligases were used as the starting point for our MPLS-DA analysis (Fig. S2F) . The MPLS-DA model predicted 161 E3 ligases (predicted Group [pGroup] 1) to be EI24 targets and 64 E3 ligases (pGroup 2) to be nontargets ( Fig. 6A ; Table S1 ). The delineation of E3 ligases into targets and nontargets could potentially be used to predict the susceptibility of a particular E3 ligase to EI24-mediated degradation. Notably, the computationally generated pGroups 1 and 2 correctly categorized the previously tested E3 ligases into their respective experimentally identified Groups (Figs. 3 and 4).
EI24 target expression is likely to be correlated with EI24 expression. Therefore, we examined the correlation between pGroups and EI24 gene expression in the 2 data sets. Following EI24 knockdown or etoposide treatment, EI24 expression was more strongly correlated with pGroup 1 expression than pGroup 2 expression (Fig. 6B, Fig. S3A ).
We could not observe a difference in cellular localizations of proteins in Group 1 and Group 2 ( Fig. S1C ), which may be attributed to the small size of the samples analyzed (Group 1 ) of predicted EI24 targets (pGroup 1) and nontargets (pGroup 2) for the first 3 MPLS-DA latent variables (LV1-3). Red and blue triangles represent experimentally identified Group 1 (targets) and Group 2 (nontargets) E3 ligases, respectively. Orange and light blue circles denote pGroup 1 (predicted targets) and pGroup 2 (predicted nontargets) E3 ligases, respectively. (B) Correlation coefficient distributions of E3 ligase gene expression levels in pGroups 1 and 2 were evaluated in 2 datasets collected following EI24 knockdown (EI24 KD) and etoposide treatment (EI24 induced). P values represent the significance of the difference between the pGroup 1 and 2 distributions. The GOBPs (C) and GOMFs (D) enriched in pGroups 1 and 2. Enrichment P values for the GOBPs and GOMFs were displayed as -log 10 (P values). The number of genes with the corresponding GOBP or GOMF in pGroups 1 and 2 is shown in parenthesis (pGroup 1/pGroup 2). Upstream transcription factors (TFs) (E) and kinases (F) enriched in pGroups 1 and 2. P values (P) represent the significance of TF targets and kinase substrates enriched in pGroups 1 and 2.
sample size D 14, Group 2 sample size D 5). pGroup 1 (n D 161) and pGroup 2 (n D 64) can ensure sufficiently large sample sizes. Thus, we re-examined if there is any difference in the cellular localization between EI24 targets and nontargets using pGroup 1 and pGroup 2. With the varying stringency of probability of a particular E3 ligase belonging to Group 1 or Group 2, we examined GOCCs of the predicted E3 ligases and found that pGroup 1 and pGroup 2 candidates neatly aligned themselves in separate GOCC attributes (Fig. S3B) . On the one hand, pGroup 1 members displayed the tendency to be primarily localized to cellular organelles or structures such as endosomes, ubiquitin ligase complexes, vacuoles, lysosomes, chromatin, and the cytoskeleton, most of which are involved in autophagy. 26 On the other hand, pGroup 2 was related with perinuclear region of the cytoplasm and Golgi apparatus (Fig. S3B) . These results illustrate that in addition to the presence of the RING-domain, the difference in the cellular localization of E3 ligases could be an additional factor that determines the susceptibility of a particular E3 ligase to be degraded by EI24.
To evaluate fairly both sensitivity and specificity in prediction of EI24 targets, we randomly selected 5 predicted EI24 targets and 5 nontargets from pGroups 1 and 2, respectively, which include no E3 ligases in the training set, and then experimentally tested whether the selected E3 ligases are targeted by EI24. Consistent with the MPLS-DA prediction results, all the tested pGroup 1 E3 ligases such as RNF43, RNF6, RNF11, and PML (PML IV: 1-633 amino acids; PML VI: 1-560 amino acids) were truly degraded by EI24, whereas pGroup 2 members such as RNF128, RNF5, ZNF462, and TRIM72 were not ( Fig. S4A and B) . These experimental results indicate high degrees of sensitivity and specificity to our model. This result provides the credibility to our model in correctly predicting the susceptibility of a particular E3 ligase to EI24-mediated degradation. Interestingly, CBLC (Cbl proto-oncogene C) that belonged to pGroup 2 was also degraded by EI24 (Fig. S4A) . When we examined the distribution of casitas B-lineage lymphoma (CBL)-like proteins in our prediction, we found that CBLB and CBLC belonged to pGroup 2 whereas CBLL1 was predicted to be pGroup1. A similar observation was made regarding CIAP isoforms (BIRC2 in Group 1 and BIRC3 in in Group 2, Fig. 4E ). Thus, further studies need to focus to elucidate why similar isoforms categorize themselves in separate groups.
To functionally characterize the pGroups, we performed an enrichment analysis of GOBPs (gene ontology biological functions) and GOMFs (molecular functions) on pGroups 1 and 2, and then compared GOBPs and GOMFs between the 2. GOBP analysis showed that proteolysis was enriched in pGroup 1 compared with pGroup 2 ( Fig. 6C ; Table S2 ). pGroup 1 also had higher enrichment for apoptosis, cell cycle, histone and chromatin modifications, regulation of RNA metabolic processes, and response to DNA damage stimulus functions. GOMF analysis showed that DNA and chromatin binding, zinc ion binding, and transcription activator/coactivator activities were enriched in pGroup 1 ( Fig. 6D ; Table S3 ). These data indicate that EI24 may also be associated with chromatin/histone modifications, RNA metabolism regulation, and transcription.
The GOBP enrichment analysis suggested that EI24 could be functionally linked to cellular physiology regulation by degrading the E3 ligases involved in those processes. Therefore, we investigated upstream regulators that control EI24 targets and their associated cellular processes. First, we analyzed upstream transcriptional regulators of pGroups 1 and 2 using transcription factor enrichment analysis. pGroup 1 was enriched in binding sites for SP1 (Sp1 transcription factor), REPIN1 (replication initiator 1), TP53, and NFYB (nuclear transcription factor Y subunit b) (Fig. 6E) . Furthermore, we performed kinase enrichment analysis to examine kinases that were upstream of EI24 targets. E3 ligases phosphorylated by ATM (ataxia telangiectasia mutated), CHEKs (checkpoint kinases), MTOR (mechanistic target of rapamycin [serine/threonine kinase]), and AKT1 (AKT serine/threonine kinase 1) were enriched in pGroup 1 (Fig. 6F) . These data show functional and regulatory links between EI24 and physiologically important cellular processes through autophagic degradation of E3 ligases.
EI24-mediated degradation of TRAF2 and MDM2 regulates MTOR and TP53 signaling with implications in cellular bioenergetics and response to genotoxic stress To elucidate if EI24-mediated degradation of E3 ligases regulates respective downstream signaling, we analyzed the relation of EI24 with the TRAF2 downstream-target MTOR 27 and the MDM2 target TP53 28 in basal and autophagy-activated conditions.
Previously, we have reported that EI24 mediates autophagydependent degradation of TRAF2 resulting in the activation of RELA signaling that is important for the suppression of EMT and metastasis in breast cancers and melanoma. 7 Based on this observation, in the current study, we examined if B16F10 cells with stable Ei24 knockdown (Fig. 7A ) containing higher levels of TRAF2, retain activated MTOR signaling 7 . Immunoblotting assay revealed that compared to control cells, Ei24 knockdown cells displayed increased phosphorylation of RPS6KB/p70S6K, a reliable marker of activated MTOR signaling (Fig. 7B) . Furthermore, an increased lipidated form of LC3 (LC3-II) and SQSTM1 accumulation indicated impaired autophagy flux in cells containing reduced expression of EI24 (Fig. 7B) . Thus, our data are consistent with previous reports demonstrating EI24 as an essential component of basal autophagy 10 and also with the well-established fact that activated MTOR-signaling acts as a strong negative regulator of autophagy. 29 Since MTOR signaling is the master nutrient sensor 30 and Ei24 knockdown resulted in accumulation of TRAF2 and activation of MTOR signaling in basal conditions (Fig. 7B) , we next examined EI24-TRAF2-MTOR signaling in nutrientdepleted conditions (HBSS treatment). Control cells that were deprived of nutrients for 6 h displayed suppressed MTOR signaling and consequent activation of autophagy as indicated by decreased phosphorylation of the MTOR target RPS6KB (Fig. 7C) . However, Ei24 knockdown cells retained higher levels of TRAF2 and activated MTOR signaling and impaired autophagy-flux even in nutrient-depleted conditions (Fig. 7C) . Thus, EI24-induced degradation of RING-domain E3 ligase TRAF2 results in the regulation of MTOR signaling in both basal (Fig. 7B) and nutrient-depleted conditions (Fig. 7C) .
Next, we sought to determine if EI24-mediated degradation of MDM2 results in the activation of TP53 signaling. For this purpose, we used HCT116 cells retaining functional TP53 (HCT116 TP53 WT cells). Immunoblotting revealed that cells with reduced expression of EI24 displayed accumulated MDM2 that was accompanied with the reduction in the protein levels of TP53 (Fig. 7D ). TP53 is a transcription factor that acts as a master tumor suppressor by responding to oncogenic insults and genotoxic stress. 31 MDM2 maintains the protein level of TP53 in balance, by its promotion of proteasomedependent degradation to avert aberrant apoptosis. 32 Since EI24 degraded MDM2 that resulted in TP53 accumulation in basal conditions (Fig. 7D) , we next examined EI24-MDM2-TP53 signaling in the presence of genotoxic stress. Upon cisplatin treatment, control cells responded by stabilizing TP53 and inducing its transcriptional target CDKN1A whereas EI24 knockdown cells failed to do so (Fig. 7E ). These data indicate that EI24-mediated degradation of MDM2 is important for proper TP53 response against genotoxic stress. Collectively, molecular analysis of TP53 and MTOR signaling in basal and autophagy-activated conditions revealed the importance of EI24-mediated degradation of E3 ligases in regulating these pathways with implications in maintaining cellular bioenergetics (through MTOR signaling) and genomic integrity (through TP53 signaling).
Because EI24 regulated MTOR signaling ( Fig. 7B and C) and was involved in autophagy-mediated degradation of several E3 ligases, we examined if EI24 regulates cellular bioenergetics. For this purpose, we first determined ATP content in B16F10 control and Ei24 knockdown cells grown in normal media and HBSS-treated conditions. We did not observe significant differences in ATP content in control and Ei24 knockdown cells grown in ad libitum medium. However, total ATP content in Ei24 knockdown cells in HBSS-treated conditions was significantly lower than that of control cells (Fig. 7F) . To examine if cells with reduced expression of EI24 display increased vulnerability toward lack of nutrient due to depleted ATP content, we measured cell viability of B16F10 control and Ei24 knockdown cells in nutrient-depleted conditions. Compared to approximately 80% cell-death in Ei24 knockdown cells, only approximately 50% cell-death was observed in control cells when subjected to nutrient deficiency for 48 h (Fig. 7G ). This result indicates that EI24-mediated autophagic degradation of target proteins regulates cellular bioenergetics to act as a backup mechanism for replenishing ATP in nutrient-deprived conditions. Our observation is consistent with previous reports demonstrating that end products of the autophagy process are channeled into the tricarboxylic acid cycle to generate energy in nutrient-deprived conditions 33 and substantiating the physiological function of autophagy as a cytoprotective mechanism during metabolic stresses. 34 Collectively, our work demonstrates that EI24 is an important mediator orchestrating crosstalk between the UPS and autophagy by targeting RING E3 ligases for autophagic degradation. This degradation is functionally linked to the regulation of several cellular processes, which represents a paradigm shift regarding the fate of E3 ligase degradation.
Discussion
In the present study, we showed that the RING domain, which is present in the majority of E3 ligases, acts as an 'eat-me' signal for EI24-mediated autophagic degradation. We propose the autophagy machinery is integrated with the UPS, indicating that these protein degradation pathways are not as independent as previously suggested. 35 The proposed model clearly represents a paradigm shift regarding our understanding of E3 ligase fate-determination.
We also utilized the screening data and combined it with computational methods to determine potential biological functions for the RING domain E3 ligases that are degraded by EI24. Using these methods, we elucidated that EI24 potentially works cooperatively with the master tumor suppressor TP53 and the central nutrient-sensing mediator MTOR to regulate various cellular processes.
Our study revealed that in addition to the presence of RING-domain, cellular localization of E3 ligases could be also a contributing factor to determine the susceptibility to be degraded by EI24. pGroup 1 members were primarily localized to the endosome, ubiquitin ligase complex, vacuole, lysosome, chromatin, and cytoskeleton. Most of these cellular organelles are directly involved in the execution of autophagy process or maintain high-autophagy activity, 26 so from the molecular standpoint, it makes sense that pGroup 1 E3-ligases reside in these organelles. One exception is the localization of some of pGroup 1 E3 ligases in the nuclear-compartment, because the autophagy process is largely cytosolic. 34 However, exclusivity of the cytosolic nature of the autophagy process has been challenged by recent reports describing the degradation of nuclear proteins 36 and degradation of the nucleus itself by autophagy. 37 Conversely, pGroup 2 was related with the perinuclear region of the cytoplasm and Golgi apparatus. In addition, we observed that similar protein isoforms aligned themselves in separate groups (BIRC2 in Group 1 and BIRC3 in Group 2, CBLB and CBLC in Group 2 and CBLL1 in Group 1). Although detailed experimental validation has to be done to prove the hypothesis, our data illustrate that in addition to the presence of RINGdomain, the difference in the cellular localization of E3 ligases could be an additional factor that determines the susceptibility of a particular E3 ligase to be degraded by EI24. The data we describe here are consistent with previously reported associations between EI24 and AKT1, 38 CHEK, 39 TP53, 40 and MTOR in autophagy pathways. 10 It also suggests potential associations between EI24 and SP1, REPIN1, NFYB, and ATM pathways. Comparative analyses of predicted EI24 targets and nontargets suggest functional and regulatory links between EI24 and physiologically important cellular processes, such as proteolysis, apoptosis, chromatin/histone modifications, and transcription, through autophagic degradation of the E3 ligases involved in these processes (Fig. 6) . By combining our analysis results with previously reported molecular interactions in the interactome databases (human protein reference database) 41 and the Kyoto encyclopedia of genes and genomes, 42 we developed a network model of the functional and regulatory links (Fig. 8) . In the network model, the kinase module shows that upstream kinases of EI24 targets (Fig. 6F, Fig. 8 ) are members of the AKT1-MTOR and ATM-CHEK1/2 pathways, and these pathways crosstalk with each other through a link between AKT1 and CHEK1/2. The transcription factor module shows that TP53 is an upstream transcription factor of EI24 targets (Fig. 6E) , and TP53 is regulated negatively and positively by the AKT1-MTOR and ATM-CHECK1/2 pathways, respectively (Fig. 8) . Moreover, TP53 transcriptionally regulates the gene expression of both EI24 and its targets. The EI24 target module shows that EI24 degrades E3 ligase targets that are involved in physiologically important cellular processes (Fig. 6C) .
Furthermore, some of these targets regulate the upstream kinases and transcription factors via feedback mechanisms. For example, EI24 degrades MDM2, which negatively regulates TP53, and it also degrades TRAF2, which positively regulates MTOR (Fig. 8) . The feed-forward and feedback links between the upstream regulators and E3 ligase targets of EI24 suggest a complex mechanism regulating EI24-dependent autophagic degradation and E3 ligase-associated cellular processes. Collectively, the numerous interactions represented in the network model demonstrate that (Fig. 6E) and kinases (Fig. 6F ) whose targets and substrates, respectively, are enriched in pGroup 1 (EI24 targets). The E3 ligase module includes E3 ligase targets of EI24, such as MDM2 and TRAF2. The arrows and repression symbols represent activation and inhibition, respectively, in the regulatory relationships. Solid and dotted lines denote direct and indirect interactions, respectively, in the regulatory reactions. Cellular processes include the GOBPs represented by EI24 target E3 ligases (Fig. 6C) . PPIs, protein-protein interactions.
EI24 connects all the network modules at the molecular level, indicating that EI24 is a central player in the crosstalk between the UPS and autophagy.
One of the central questions of this study was why do cells need to degrade E3 ligases via autophagy when they are already being degraded by the proteasome. One possible explanation is energy conservation. ATP is essential for various steps during protein degradation via the UPS, and protein unfolding, fueled by ATP hydrolysis, ensures the smooth passage of substrates through the proteasome tunnel. 43 The amount of ATP required for autophagy is not well studied; however, the consensus is that autophagy is "cheaper" than the UPS with respect to ATP. From the cellular point of view, E3 ligase protein levels need to be tightly regulated at all times, and autophagic degradation seems to be the economical choice. Another explanation for the crosstalk between autophagy and UPS is that the cell could use autophagy as a backup mechanism for protein degradation. E3 ligases control whether a protein will be degraded or not. Thus, dysfunctional regulation in E3 ligase protein level could have severe ramifications for cells. 44 In this context, based on our model, autophagy may serve as a maintenance mechanism for E3 ligase homeostasis in cells.
We previously tested and verified the physiological significance of EI24-mediated degradation of E3 ligases at the functional level using in vivo mouse models. We demonstrated that EI24 binds and degrades TRIM41, an E3 ligase of PRKCA. Thus, loss of EI24 in the mouse resulted in TRIM41 accumulation and reduced PRKCA protein levels. Because PRKCA is required for skin carcinogenesis, we have found that mice with reduced EI24 expression has an attenuated response to DMBA-TPA-induced skin carcinogenesis. 8, 12 In another study, we report that EI24 degrades TRAF2 and TRAF5 via autophagy based on its recognition of the E3 ligase RING domain. Because TRAF signaling lies upstream of the RELA/NFKB p65 pathway, reduced EI24 expression results in RELA signaling activation, increased expression of proinflammatory cytokines, the emergence of EMT, and tumor metastasis. Thus, the molecular model we propose here has already been verified with respect to skin cancers and tumor metastasis. Furthermore, we have revealed that EI24-induced degradation of TRAF2 suppresses MTOR signaling resulting in the activation of autophagy. Autophagy-mediated proteolysis channels amino acids into the tricarboxylic acid cycle to generate energy that is required for cell survival in nutrient-deprived conditions. 33 Consistent with this paradigm, we found that cells with reduced expression of EI24 that cannot mount a proper autophagy response contain decreased ATP levels in HBSS-treated conditions. As a consequence of inability to replenish ATP, Ei24 knockdown cells displayed increased cell death in nutrient-deprived conditions. Increased susceptibility of Ei24 knockdown cells that lack autophagy-inducing activity is consistent with previous reports demonstrating the protective nature of autophagy process during metabolic stress. 34 In this study, we used MPLS-DA to predict E3 ligases whose degradation is regulated by EI24. PLS-DA has been applied to mRNA expression data for classification of the samples. In PLS-DA, the data matrixes are commonly auto-scaled. In the sample classification problems, the auto-scaling of mRNA expression data is usually performed across genes or proteins. However, in this study, our goal was to classify E3 ligases (gene classification), not the samples (sample classification). For the gene classification, we first explored whether protein sequences (Fig. S1A and B) , cellular localizations (Fig. S1C) , known binding partners (Fig. S1D) , and mRNA expression levels (Fig. S2A to C) of E3 ligases showed any correlation with Group memberships (i.e., Group 1 [EI24 targets] and Group 2 [nontargets]). We found that only mRNA expression levels showed significant correlation with Group memberships (Fig. S2A to C) . Thus, considering E3 ligases as independent observations defined by their mRNA expression levels (attributes), we formed n £ m data matrix (X-block) for n E3 ligases and m samples and then auto-scaled the matrix for each column to have zero mean and unit variance.
When the performance of a prediction model is evaluated, it is common not to include the training set in the test set. In this study, however, the training set (16 E3 ligases) used to build the MPLS-DA model was included in the test set (342 array probes for 308 E3 ligases). In our gene classification, we used the mixture modeling and probabilistic prediction of EI24 targets based on the mixture model, both of which require inclusion of the training set to assure accurate estimation of the mixture model and also to reliably determine the cutoff of the probability of being EI24 targets. For the gene classification, we first built the MPLS-DA model using the expression data matrixes (X1, X2, and Y) auto-scaled for the 16 E3 ligases (training set). In the MPLS-DA model, the latent variables (LVs) were determined to optimally separate Groups 1 and 2 (11 and 5 of 16 E3 ligases, respectively) in the training set on the PLS space. Next, to predict whether 308 E3 ligases (342 probes) in the test set are EI24 targets (Y_pred D 1) or not (Y_pred D 0), we auto-scaled the expression data matrixes (X1 pred and X2 pred ) for the 342 probes and then estimated Y_pred values of the 342 probes using the LVs determined for the 16 E3 ligases. The application of the MPLS-DA LVs identified from the 16 E3 ligases to the auto-scaled X1 pred and X2 pred for the 342 probes will result in a suboptimal separation of EI24 targets (pGroup 1) and nontargets (pGroup 2) on the PLS space. To improve the classification accuracy by resolving this problem, we thus additionally applied a Gaussian mixture modeling to estimate 2 Gaussian distributions for pGroups 1 and 2, respectively, and then statistically determined whether each of 342 probes belongs to pGroup 1 by calculating the probability of each E3 ligase being a EI24 target [P(x 2 Group 1jY_pred)] using the 2 Gaussian distributions based on Bayesian rule. During the mixture modeling, the use of 11 EI24 targets (Group 1) and 5 nontargets (Group 2) in the training set enables reliable estimation of the 2 Gaussian distributions.
Moreover, to determine the cutoff of the probability for the targets, the use of Groups 1 and 2 would be important because it can guarantee that pGroups 1 and 2 determined by the cutoff can include Groups 1 and 2 in the training set, respectively. PeptideProphet software 45 used a similar approach involving linear discriminant analysis of a training set followed by a mixture modeling of predicted values for a test set for statistical peptide identification. However, to evaluate sensitivity and specificity in the prediction based on the MPLS-DA model, we randomly selected 5 predicted EI24 targets and 5 nontargets from pGroups 1 and 2, respectively, which include no E3 ligases in the training set, and then experimentally tested whether the selected E3 ligases are targeted by EI24. The experimental results showed that all 5 predicted EI24 targets were found to be truly EI24 targets while all 4 predicted nontargets were to be truly nontargets, indicating high degrees of sensitivity and specificity to our model. CBLC that belonged to pGroup 2 was also degraded by EI24 (Fig. S4A) . Further studies must focus to elucidate why similar protein isoforms aligned themselves in separate groups (BIRC2 in Group 1 and BIRC3 in Group 2, CBLL1 in Group 1 and CBLB and CBLC in Group 2).
Overall, our study revealed that EI24-mediated autophagic degradation of RING E3 ligases allows crosstalk between autophagy and the UPS. This crosstalk presents the opportunity to manage protein degradation machineries and cellular bioenergetics, both in cancers and other human diseases, when cell physiology goes awry.
Materials and methods
Cell culture and transfection
293T, HeLa, B16F10, and HCT116 cells were cultured in Dulbecco's modified Eagle's medium (Thermo Fisher Scientific, 11965092) supplemented with 10% fetal bovine serum (Hyclone, SH30919.03), 100 units/ml penicillin, and 100 mg/ ml streptomycin (Thermo Fisher Scientific, 15070-063). Cells were grown at 37 C in a humidified chamber containing 5% CO 2 . Cells were transfected with polyethylenimine (SigmaAldrich, 764647) at a ratio of 6 mg polyethylenimine/mg DNA. For siRNA transfection, Lipofectamine RNAiMAX (Thermo Fisher Scientific, 13778150) was used. The EI24 knockdown siRNA sequence was: 5 0 -GCAAGAGAGUGAGC-CACGUAUUGUUTT-3 0 .
Immunocytochemistry and ATP measurement
Immunocytochemistry was performed as described previously with slight modifications. 46 Briefly, cells, with or without EI24 overexpression, were transfected with GFP-LC3 plasmids and seeded on gelatin-coated coverslips (Deckglasser, 0111520). Following a 4% paraformaldehyde (Sigma-Aldrich, P6148) in PBS (HyClone, SH30256.01) fixation step, cells were permeabilized with 0.5% Triton X-100 (Sigma-Aldrich, X100). Nonspecific signals were blocked with 1% normal goat serum (Thermo Fisher Scientific, 16210072) in PBS with 0.1% Triton X-100 for 30 min. Cells were then stained for 1 h at room temperature with their respective antibodies. Primary fluorescent signals were detected using Alexa Fluor 488 (Thermo Fisher Scientific, A-11008)-or Alexa Fluor 568 (Thermo Fisher Scientific, A-11008)-conjugated secondary antibodies. The data were imaged as described previously. 8 Cellular ATP content in B16F10 control and Ei24 knockdown cells grown in normal media or HBSS (Thermo Fisher Scientific, 14025-092)-treated conditions (12 h) was determined using the Mitochondrial ToxGlo Assay Kit following manufacturer's protocol (Promega, G8000).
FACS analysis
FACS analysis was performed as described previously. 47 Briefly, B16F10 control and Ei24 knockdown cells grown in normal medium or in HBSS (48 h) were fixed in 70% ethanol, treated with RNase A (Sigma-Aldrich, R4875), and stained with propidium iodide (Sigma-Aldrich, P4170) to stain DNA. FACS analysis was conducted using a FACS calibur apparatus 342975 (BD Biosciences, San Jose, CA, USA) to generate plots depicting counts (Y-axis) versus FL2-H (X-axis).
Plasmids and constructs
Flag-tagged TRIM41/RINCK1 was provided by Prof. Alexandra Newton (University of California, San Diego) 48 and GFP-tagged TRIMs were provided by Profs. Germana Meroni (Cluster in Biomedicine, Italy) and Andrea Ballabio (Telethon Institute of Genetics and Medicine, Italy). 49 7 and was transferred to a pEGFPN1 vector (Clontech, 6085-1) to generate a GFP-tagged EI24 construct. TRIM41/RINCK1-Flag deletion constructs were generated as described previously. 50 
Ubiquitination assay
Cells were harvested in PBS containing 2 mM N-ethylmaleimide (NEM; Sigma-Aldrich, E3876) and lysed in Tris-buffered saline (Sigma-Aldrich, T6664) containing 1% SDS (Sigma-Aldrich, L3771) and 20 mM NEM 30 h after transfection. The lysate was boiled, sonicated, and centrifuged at 14,000 £ g for 15 min. The supernatant was diluted in NP-40 buffer containing 2 mM NEM, and immunoprecipitation was carried out using standard methods.
Immunoprecipitation and immunoblotting
Immunoprecipitation was performed as described previously with slight modifications. 51 Briefly, cell lysates were prepared in NP-40 buffer comprised of 20 mM Tris (Sigma-Aldrich, 252859)-HCl (Sigma-Aldrich, 258148), 137 mM NaCl (SigmaAldrich, S9888), 1% NP-40 (Sigma-Aldrich, NP40S), 2 mM EDTA (Sigma-Aldrich, E9884), 10% glycerol (Sigma-Aldrich, G5516), 1 mM PMSF (Sigma-Aldrich, P7626), 2 mM sodium fluoride (Sigma-Aldrich, 201154), 1 mM sodium vanadate (Sigma-Aldrich, S6508), 1 mM b-glycerophosphate (SigmaAldrich, G9422), and 20 mg/ml each aprotinin (Sigma-Aldrich, A6106), pepstatin (Sigma-Aldrich, P5318), and leupeptin (Sigma-Aldrich, L2884). After centrifugation at 14,000 £g for 15 min at 4 C, the supernatant underwent immunoprecipitation using 1 mg of the respective antibodies. After 3 h, 30 ml of protein G agarose beads (Thermo Fisher Scientific, 15920010) were added to the supernatant and incubated for 3 h. The beads were washed in the cell lysis buffer and boiled in an equal volume of 2£ SDS sample buffer. For immunoblotting, cells were lysed in a radioimmunoprecipitation assay buffer consisting of 50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate (Sigma-Aldrich, D6750), 0.1% SDS, and 2 mM EDTA along with protease and phosphatase inhibitors.
Antibodies
The following antibodies were used: HA (Santa Cruz Multi-block partial least square-discriminatory analysis (MPLS-DA)
We performed MPLS-DA on gene expression levels to build a model that can separate Groups 1 and 2 and predict pGroups 1 and 2 using the previously reported MPLS algorithm. 22 Of linear, nonparametric, and nonlinear classification methods, we used MPLS-DA because it effectively integrates multiple different datasets for classification of Groups 1 and 2 and enables us to interpret how different expression data contribute to the separation of Group 1 from Group 2, as previously demonstrated. 22, 23 For the analysis, we obtained gene expression data previously generated from ZR-75-1 breast cancer cells after EI24 knockdown (GSE52508 in GEO database) 7 and MEF cells after etoposide treatment (GSE67266 in GEO database). 21 We transformed the measured intensities into log 2 -intensity and then normalized the log 2 -intensity data using the quantile normalization. 52 Of the 381 E3 ligases with RING domains, 354 were included in the gene expression data, and 354 included 11 of the 14 E3 ligases in Group 1 and all 5 E3 ligases in Group 2. For the 11 targets and 5 nontargets, we generated 2 X-block data matrixes: a 16£8 X1-block (X1) and a 16£6 X2-block (X2) containing mRNA expression levels of the 16 E3 ligases measured in data sets 1 and 2, respectively ( Fig. S2D and Table S4 ). We also generated a 16£1 Y-block data matrix (Y) designating "1" for EI24 targets and "0" for nontargets (Table S4 ). All data matrixes were auto-scaled such that each column had zero mean and unit standard deviation. MPLS-DA was then applied to the auto-scaled X1, X2, and Y (Fig. S2D) . After MPLS-DA, we selected 4 PLS latent variables (LVs) based on leave-one-out cross-validation. 53 Before predicting EI24 targets, of 354 E3 ligases (396 array probes), we first selected 308 (342 probes) with MAD>25% to focus on E3 ligases with reasonable information contents. To predict E3 ligases targeted by EI24, we then generated a 342£8 X1-block (X1 pred ) and a 342£6 X2-block (X2 pred ) containing mRNA expression levels of all the E3 ligases measured in datasets 1 and 2 (Table S5) . We then applied the MPLS-DA model to the X1-and X2-blocks, after auto-scaling the data matrixes (X1 pred and X2 pred ) as described above, and obtained 'predicted Y' values for the 342 probes (Y_pred in Fig. S2F) . 53 Finally, a mixture Gaussian model was applied to Y_pred values, and we used the Bayesian rule to calculate the probability of each E3 ligase (x) being a EI24 target [P(x 2 Group 1jY_pred)] or a nontargets [P(x 2 Group 2jY_pred)] using the Gaussian distributions estimated for EI24 targets and nontargets. 54, 55 The EI24 targets (pGroup 1) and nontargets (pGroup 2) were identified as E3 ligases with P(x 2 Group 1jY_pred) > 0.75 and P(x 2 Group 2jY_pred) > 0.75, respectively. See Supplementary Materials and Methods for implementation of MPLS-DA and mixture modeling.
Upstream regulator analysis
We performed TF (transcription factor) and kinase enrichment analyses to identify upstream regulators of EI24 targets. For these analyses, we first collected experimentally verified TF-target interactions [56] [57] [58] [59] [60] [61] and kinase-substrate interactions. [62] [63] [64] For each regulator (TF or kinase), the null distributions for the numbers of targets (TF targets or kinase substrates) that overlapped with pGroups 1 and 2 were estimated by randomly sampling the same numbers of proteins in pGroups 1 and 2. To determine the observed numbers of targets for the pGroup 1 or 2 regulator, the significance (P values) of the targets enriched in pGroup 1 or 2 was computed using a one-tailed test of the observed number of targets based on the null distribution for the corresponding group (pGroup 1 or 2). Finally, the regulators with P value < 0.05 and the number of targets 5 were selected as the upstream regulators whose targets or substrates were enriched in pGroup 1 or 2. Of the upstream TFs, the ones showing similar expression patterns with EI24 could be desired. Thus, for each of the 2 data sets, after normalizing mRNA expression data using quantile normalization, 52 we calculated Pearson correlation coefficients between the normalized expression data of each TF and EI24, as well as the significance of the correlation coefficient, using the MATLAB 'corr.m' function 65 (MathWorks Inc., Natick, MA, USA). To generate a final set of enriched TFs, we combined P values from the 2 datasets using a previously reported integrative statistical method 66 and then selected the TFs with the combined P value <0.05. 
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